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Colonic epithelial cells are constantly exposed to high levels of bacterial DNA in the intestinal lumen
and must recognize and respond appropriately to pathogens, while they maintain a tolerance to non-
pathogenic commensal bacterial strains. Bacterial DNA is recognized by Toll-like receptor 9 (TLR9). The
aim of this study was to investigate TLR9 expression and localization in colonic epithelial cells under
basal conditions and in response to bacterial DNA. HT-29 cells were exposed to DNA from various strains
of commensal and pathogenic microbes. TLR9 mRNA expression was determined by real-time reverse
transcription-PCR, and interleukin-8 (IL-8) secretion was measured by an enzyme-linked immunosorbent
assay. Localization of TLR9 was determined by flow cytometry in HT-29 cells and by immunofluorescence
in HT-29 cells and mouse colonic tissue. Immunofluorescence and flow cytometric analyses demonstrated
that there was intracellular and surface expression of TLR9 in HT-29 cells under basal conditions.
Exposure of cells to DNA from pathogenic strains of Salmonella and Escherichia coli resulted in a
significant increase in TLR9 mRNA expression. Salmonella enterica serovar Dublin DNA increased surface
TLR9 protein and IL-8 secretion. There was no change in mRNA levels or localization of TLR9 in response
to Bifidobacterium breve. Chloroquine did not block IL-8 secretion in response to S. enterica serovar Dublin
DNA. TLR9 was expressed on the colonic apical surface in wild-type mice but not in germfree mice. These
results demonstrate that intestinal epithelial cells recognize pathogenic bacterial DNA and respond by
increasing surface localization and expression of TLR9, suggesting that the epithelial inflammatory
response to pathogenic DNA is mediated at least in part by increased TLR9 expression.

Recognition of microbial components and discrimination of
harmful pathogens from commensal bacteria and from self
are fundamental elements of the innate immune system. Toll-
like receptors (TLRs) are responsible for recognizing various
pathogen-associated molecular patterns, including lipoproteins
(Toll-like receptor 2 [TLR2]), lipopolysaccharides (TLR4),
and flagellin (TLR5). Bacterial DNA contains unmethylated
2�-deoxyribo(cytidine-phosphate-guanine) (CpG) dinucleotides
flanked by specific sequences that activate the vertebrate in-
nate immune system through TLR9. Bacterial DNA differs
from mammalian DNA by its 20-fold-greater frequency of un-
methylated CpG sequences (32). These sequences activate a
signaling cascade via transcription factors NF-�B and AP-1
and stimulate the proliferation of B cells and the secretion of
proinflammatory cytokines (interleukin-6 [IL-6], IL-12, and
tumor necrosis factor alpha) required to eliminate an invading
pathogen (15, 33). Intestinal epithelial cells are constantly ex-
posed to high levels of bacterial DNA and must recognize and
respond appropriately to the presence of pathogenic bacteria.
These cells interact with microbes in the lumen, and TLR
signaling is a key component of communication between intes-

tinal epithelial cells and underlying immune cells in the lamina
propria (31).

There has been variation in the results of studies in which
the subcellular location of TLR9 was investigated. In dendritic
cells and macrophages, TLR9 is located in the endoplasmic
reticulum of resting cells. CpG-containing DNA is endo-
cytosed, moves to the tubular lysosomal compartment, and
subsequently binds directly to TLR9 (17). Conversely, surface
expression of TLR9 has been reported to occur in HEK293
cells transfected with TLR9-containing expression vectors (6,
7), in gastric epithelium (27), in intestinal epithelial cells (18),
and in some peripheral blood mononuclear cells and tonsil
cells (9). Recently, a cytosolic innate immune response to
DNA which triggers a potent interferon I response has been
identified (29). Whether expression or localization of TLR9
changes in response to native bacterial DNA in intestinal ep-
ithelial cells which are exposed to high levels of bacterial DNA
is not known.

The inflammatory activities of various types of synthetic
oligonucleotides have been well studied; however, the activ-
ity of native bacterial DNA is understood less well but is
known to be more stimulatory to macrophages than syn-
thetic oligonucleotides are (25). Synthetic CpG-containing
oligonucleotides have been shown to induce a TLR9-medi-
ated inflammatory cytokine response and to exacerbate dex-
tran sodium sulfate-induced colitis (13, 20). Other investi-
gators have reported conflicting results, and administration
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of bacterial DNA ameliorated experimental murine colitis
and human colitis (11, 22, 23). In an elegant study by
Rakhoff-Nahoum et al., TLR ligands were shown to have a
substantial role in intestinal homeostasis (24). Nonetheless,
the role of bacterial DNA is intestinal immune signaling is
incompletely understood.

MATERIALS AND METHODS

Cell culture and treatments. HT-29 cells were obtained from the American
Type Culture Collection (Manassas, VA) and were cultured in RPMI 1640
(Gibco, Burlington, ON, Canada) supplemented with 10% heat-inactivated fetal
calf serum (Cansera, Rexdale, ON, Canada). All experiments were conducted in
serum-free media. Cells were seeded at a density of 1 � 106 cells/well and were
maintained at 37°C in a 5% CO2 atmosphere. Fresh medium was added to
cultures daily. Cells were grown in 96-well tissue culture plates (Falcon, New
Jersey) for determination of IL-8 secretion, in 6-well plates for the biotinylation
assay, in 12-well plates for flow cytometry, and in chamber slides for immuno-
fluorescence analysis.

Bacterial strains and preparation of DNA. S. enterica serovar Dublin strain
Lane (� ATCC 15480) was selected as a source of pathogenic bacterial DNA
due to the ability of its DNA to induce IL-8 secretion at relatively low concen-
trations (10 �g/ml) (11) and was stored in 20% (wt/vol) skim milk at �70°C.
Bifidobacterium breve was selected due to the ability of its DNA to reduce basal
IL-8 secretion (11) and was stored at 4°C as a lyophilized powder. Bifidobacte-
rium infantis and Lactobacillus acidophilus were used as other representative
probiotic organisms, and Enterobacter cloacae was used as an opportunistic
pathogen. S. enterica serovar Typhimurium and two virulent Escherichia coli
strains were used as representative pathogens. The E. coli strains were selected
from strains that were isolated from human biopsies and were fully characterized
previously (14). E. coli 146 belonged to the B2 phylogenetic group and contained
the Ag43, Sfa, and PAI adhesions. E. coli 147 also belonged to the B2 phyloge-
netic group and contained the Ag43 and Sfa adhesions (14). Bacteria were
inoculated at a concentration of 0.18% (vol/vol) into 25 ml of Mann-Rogosa-
Sharpe broth (bifidobacteria and lactobacilli) or tryptone soy broth (Difco cat-
alog no. 0370-17-3) (all other organisms) and grown statically overnight (18 to
20 h) at 37°C. For experiments involving exposure of cells to live bacteria,
overnight cultures of S. enterica serovar Dublin and B. breve were centrifuged at
2,000 � g for 10 min and resuspended in phosphate-buffered saline (PBS).
Bacteria were diluted in serum-free cell culture media to obtain a concentration
of 2 � 106 CFU/ml, and each suspension was applied to the apical surface of
cells. This resulted in a multiplicity of infection of 1. After 60 min, the medium
was removed, and the cells were washed with PBS. For DNA isolation, cells were
centrifuged at 11,700 � g for 10 min, washed with 1� SSC buffer (0.15 M NaCl
plus 0.015 M sodium citrate), and resuspended in 0.01 M sodium phosphate
buffer with 20% sucrose and 2.5 mg/ml lysozyme for 45 min at 37°C, followed by
lysis buffer (10 mM Tris-HCl, 1 mM EDTA, 500 mg pronase B, 1% sodium
dodecyl sulfate, pH 8) for 30 min at 37°C. DNA was extracted by adding an equal
volume of buffer-saturated phenol–chloroform (1:1) to the bacterial suspension.
The mixture was centrifuged for 5 min at 4,000 rpm, and the aqueous layer was
removed. The extraction was repeated until no interface was visible. Traces of
phenol were removed with chloroform, and the salt concentration was adjusted
by addition of 0.1 volume of sodium acetate (pH 5.2). DNA was precipitated with
cold 100% ethanol, washed with 70% ethanol, and resuspended in sterile Tris-
EDTA buffer. The concentration and purity of DNA preparations were con-
firmed by determining the optical density at 260 nm (OD260) and the OD260/
OD280 ratio and by performing agarose gel electrophoresis. DNA preparations
were assayed to determine the presence of endotoxin using the Limulus amebo-
cyte assay (QCL-1000; BioWhittaker, Walkesville, MD). Only preparations with
endotoxin levels that were not greater than 0.05 endotoxin unit/ml were used.
DNase-treated preparations were used as control preparations in all experi-
ments.

DNase and methylase treatment of DNA preparations. DNA preparations
were incubated overnight at 37°C with 5 mg/ml DNase 1 (Sigma-Aldrich) in the
presence of 5 mM MgCl2. DNA depletion was confirmed by agarose gel elec-
trophoresis with ethidium bromide staining (Fig. 1). Prior to cell culture treat-
ment, DNase was heat inactivated. S. enterica serovar Dublin DNA and B. breve
DNA were methylated with CpG methylase (3 U SssI/�g DNA; New England
Biolabs, Pickering, ON, Canada) in NE buffer 2 supplemented with S-adenosyl-
methionine (New England Biolabs) at 37°C for 24 h.

Animal studies. 129 Sv/Ev mice were housed behind a barrier under spe-
cific-pathogen-free conditions. The mice had access to autoclaved 9% fat

rodent blocks and sterile filtered water ad libitum. The facility’s sanitation
was verified by Health Sciences Lab Animal Services at the University of
Alberta. Bacterial culture analyses, parasitological examinations, serological
tracking profiles, and histological staining, all of which were negative for
known murine viral and bacterial pathogens, indicated that the barrier was
intact. Mice were sacrificed by cervical dislocation, and a segment of each
colon was removed for immunohistochemical analysis. The mice used in the
germfree experiments were derived in an axenic (germfree) fashion in the
Health Science Laboratory Animal facility at the University of Alberta and
were suckled, weaned, and raised in a sterile portable isolator. All axenic
mice were maintained in sterile isolator bubbles and were monitored contin-
ually for microbial contamination. All experimental animals were tested at
the time of sacrifice for microbial contamination.

Real-time reverse transcription-PCR. Total RNA was isolated with Trizol
(Gibco, Burlington, ON, Canada) by following the manufacturer’s instruc-
tions. mRNA (1 �g) was reverse transcribed and amplified by PCR using
�-actin as an endogenous control. A real-time PCR analysis was performed
with an ABI 7700 sequence detector (Applied Biosystems, Branchburg, NJ).
The reaction mixture (total volume, 20 �l) consisted of 1 �l cDNA, 7 �l
double-distilled H2O, 1 �l target primer (6-carboxyfluorescein labeled; Ap-
plied Biosystems), 1 �l control primer (VIC labeled; Applied Biosystems),
and 10 �l TaqMan Universal PCR master mixture (Applied Biosystems). The
human TLR9 and �-actin sequences were obtained from GenBank and were
used to design intron-spanning primers. The primer sequences used for PCR
were as follows: TLR9 forward primer, GTGACAGATCCAAGGTGAAGT;
TLR9 reverse primer, CTTCCTCTACAAATGCATCACT; actin forward
primer, 5�-CGTGGGCCGCCCTAGGCACCA-3�; and actin reverse primer,
5�-TTGGCCTTAGGGTTCAGGGGGG-3�.

Flow cytometry. Cells were allowed to grow to confluence (approximately
4 � 105 cells) and treated with 50 �g/ml bacterial DNA (S. enterica serovar
Dublin or B. breve). After rinsing with PBS, cells were trypsinized with 0.05%
trypsin–EDTA for 5 min, rinsed, and blocked with 6% neonatal goat serum
for 10 min on ice. Anti-TLR9 (1/100; Imgenex, San Diego, CA) was added to
50 �l of blocked cells and incubated for 45 min on ice. Phycoerythrin-
conjugated goat anti-mouse secondary antibody (1/100) was added, and the
preparations were incubated for 30 min on ice and fixed in paraformaldehyde
or permeabilized in methanol. A flow cytometric analysis was performed
using a FACScan (San Jose, CA) equipped with an argon 488-nm laser. For
each measurement, 1 � 105 events were collected. Fluorescence emission was
collected in the FL2 channel. Files were analyzed using the CellQuest soft-
ware, version 3.3 (San Jose, CA).

Immunofluorescence. HT-29 cells were seeded (	5 � 105 cells/well) into
four-chamber slides and incubated overnight, and then they were treated with

FIG. 1. DNase treatment of DNA preparations. Overnight incuba-
tion of DNA preparations with 5 �g/ml DNase effectively eliminated
DNA. MW, molecular weight markers; Bb, B. breve; Sd, S. enterica
serovar Dublin.
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50 �g/ml bacterial DNA for 2 h, washed twice with PBS, and incubated in 2%
paraformaldehyde for 1 h. After 1 h of blocking with 5% skim milk in PBS,
cells were incubated with anti-TLR9 or anti-calnexin antibody (1/100) for 60
min and then with Alexafluor 488-conjugated goat anti-mouse secondary
antibody for TLR9 and Cy5-conjugated goat anti-rat secondary antibody for
calnexin or Alexafluor 555-conjugated cholera toxin subunit B (CTxB) (In-
vitrogen, Burlington, ON, Canada). For immunohistochemical analysis, distal
colonic tissue samples were harvested and fixed in 10% phosphate-buffered
formalin, embedded in paraffin, and sectioned (4-�m sections). The tissue
was hydrated by passing slides through xylene, xylene–100% ethanol (1:1),
100% ethanol, 95% ethanol, 70% ethanol, and distilled water washes. The
tissue was blocked with 2% goat serum and incubated with anti-TLR9 and
then with Alexafluor 488-conjugated goat anti-mouse antibody. The tissue
was dehydrated by performing the hydration procedure in reverse order and
was mounted with coverslips in Fluorsave. Slides were examined with a Zeiss
Axiovert 100 M confocal microscope coupled with a Zeiss LSM510 laser
scanning system (Germany). Images were taken with a �63 Plan-apochromat

n.a. 1.4 with a zoom factor of 2. Alexafluor 488 was scanned with an argon
laser (excitation wavelength, 488 nm; emission wavelength, 505 nm), and
Alexafluor 555-labeled CTxB and Cy5 were scanned with an HeNe laser
(excitation wavelength, 543 nm; emission wavelength, 560 nm). For 4�,6�-
diamidino-2-phenylindole (DAPI) staining, a Coherent Mira 2-Photon laser
tuned at 780 nm was used, and emission was collected with a BP 390-465 IR.
Confocal reflectance images were obtained by reflecting excitation wave-
lengths to a confocal detector.

Surface protein biotinylation. To label surface proteins, confluent HT-29 cells
were incubated with bacterial DNA (50 �g/ml), cooled on ice, washed three
times with cold PBS, and incubated with 80 �l of 10 mM sulfosuccinimidyl-2-
(biotinamido)-ethyl-1,3-dithiopropionate (Pierce, Rockford, IL) for 30 min on
ice. Cells were washed with cold PBS, and free biotin was quenched with 100 mM
glycine in PBS. Cell were lysed in 1% Triton X-100–150 mM NaCl–5 mM
EDTA–50 mM Tris (pH 7.4) for 1 h at 4°C on an orbital shaker. Samples were
electrophoresed on 10% sodium dodecyl sulfate-polyacrylamide gels as previ-
ously described and were blotted for TLR9 analysis (12).

FIG. 2. TLR9 expression (y axes show n-fold expression) was upregulated in response to S. enterica serovar Dublin DNA but not in response
to B. breve DNA. (A) Real-time PCR measurements of TLR9 mRNA expression in confluent HT-29 monolayers in response to S. enterica serovar
Dublin and B. breve DNA, showing that S. enterica serovar Dublin DNA elicited a substantial increase in TLR9 expression at 60 min. (B) TLR9
expression was upregulated after 60 min of exposure to DNA from S. enterica serovar Typhimurium and the pathogenic E. coli strains, was
marginally upregulated by E. cloacae, and was not changed by B. infantis or L. acidophilus. The bars indicate the means and the error bars indicate
the standard deviations of triplicate measurements obtained in three separate experiments. An asterisk indicates that the P value is 
0.05.
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IL-8 ELISA. IL-8 protein levels were determined by an enzyme-linked immu-
nosorbent assay (ELISA) using matched antibodies from R&D Systems as pre-
viously described (12).

Statistical analysis. Data are expressed below as means � standard deviations
for three or more samples unless indicated otherwise. Statistical significance was
assessed using analysis of variance or a t test (Sigmastat; Systat Software, Inc.,
Point Richmond, CA), and differences were considered significant if the P values
were 
0.05.

RESULTS

TLR9 mRNA expression in response to probiotic and patho-
genic bacterial DNA. HT-29 cells express TLR9 (2, 21). To
determine how TLR9 expression is affected by exposure to
bacterial DNA, HT-29 monolayers were treated with DNA
from either B. breve, a probiotic organism, or S. enterica sero-
var Dublin, a pathogenic organism, and the time course of
TLR9 mRNA expression was determined using real-time PCR.
As shown in Fig. 2A, B. breve DNA had no effect on TLR9
expression. In contrast, treatment with S. enterica serovar
Dublin DNA resulted in a significant increase in TLR9 mRNA
expression, and the expression was eightfold greater than the
expression of resting cells after 60 min of exposure (P 
 0.05).
To determine if the increase in TLR9 expression was a general
response to pathogens or was specific to S. enterica serovar
Dublin, cells were exposed to DNA from another strain of
Salmonella, an S. enterica serovar Typhimurium strain, and also
to pathogenic strains of E. coli and E. cloacae. The results were
compared with responses to the probiotic organisms L. aci-
dophilus and B. infantis. As shown in Fig. 2B, TLR9 expression
was upregulated after 60 min of exposure to DNA from S.
enterica serovar Typhimurium and the pathogenic E. coli
strains, marginally upregulated by E. cloacae, and not changed
by B. infantis or L. acidophilus (Fig. 2B). This suggests that the
response is a generalized response to pathogens and not spe-
cific to Salmonella sp. Live B. breve had no effect on TLR
expression. However, interestingly, live S. enterica serovar
Dublin also did not upregulate TLR9 expression, suggesting
that the DNA in viable microbes may not have been accessible
to the TLR receptor under these conditions.

Chloroquine did not inhibit the IL-8 response elicited by S.
enterica serovar Dublin DNA. We and other workers have
previously shown that bacterial DNA can elicit epithelial cells
to secrete IL-8 (2, 11). The location of the signaling event for
TLR9 and bacterial DNA in epithelial cells is not known;
however, in immune cells, TLR9 is expressed on the endoplas-
mic reticulum and moves to the lysosome upon cellular uptake
of CpG-containing oligonucleotides (17, 19). Chloroquine, an
inhibitor of endosomal acidification, has been shown to block
CpG-TLR9 binding and thus to eliminate CpG-containing
DNA effects on immune cells (26). To determine whether
signaling events in epithelial cells are similar, HT-29 cells were
treated with chloroquine (10 �g/ml), followed by exposure to
S. enterica serovar Dublin and B. breve DNA. IL-8 secretion
was measured by ELISA. Exposure to S. enterica serovar Dub-
lin DNA, but not exposure to B. breve DNA, elicited signifi-
cantly increased secretion of IL-8 compared with the secretion
by control cells (P 
 0.05) (Fig. 3). Confirming the results
obtained with HCA-7 cells (18), chloroquine did not inhibit S.
enterica serovar Dublin-induced IL-8 secretion, suggesting that

the TLR9 signaling in intestinal epithelial cells is different than
the TLR9 signaling in immune cells.

Flow cytometric analysis of TLR9 expression. As endosomal
uptake of DNA does not appear to be necessary for S. enterica
serovar Dublin DNA-induced IL-8 secretion, we investigated
localization of TLR9 expression in HT-29 cells. HT-29 cells
were fixed in paraformaldehyde or permeabilized with metha-
nol. TLR9 was labeled with phycoerythrin-conjugated second-
ary antibody, and cells were analyzed by flow cytometry. Un-
treated and B. breve DNA-treated cells both exhibited limited
surface expression of TLR9 (Fig. 4). Cells treated with S.
enterica serovar Dublin DNA exhibited increased surface ex-
pression of TLR9 compared with B. breve DNA-treated and
untreated cells. The mean fluorescence in permeabilized cells
was greater than the mean fluorescence in nonpermeabilized
cells; however, no increase in expression was observed in re-
sponse to S. enterica serovar Dublin DNA.

Immunofluorescence of TLR9 in HT-29 cell culture. To con-
firm the results of the flow cytometric analysis, we immu-
nofluorescently labeled TLR9 in HT-29 monolayers containing
resting cells and cells after exposure to S. enterica serovar
Dublin and B. breve DNA. CTxB (red) was used to localize the
cell membrane, and calnexin (red) was used to localize the
endoplasmic reticulum. Under resting conditions, TLR9 (green)
colocalized with calnexin, and there was little cell surface ex-
pression (Fig. 5A). After a 2-h exposure to B. breve DNA (Fig.
5B), some colocalization with CTxB was observed. With S.
enterica serovar Dublin DNA (Fig. 5C), colocalization with
surface-bound CTxB was evident, and TLR9 was observed
beyond the boundary of calnexin staining. No fluorescence was
observed in secondary antibody controls (data not shown).

Biotinylation of surface proteins. To further substantiate the
surface expression of TLR9, biotinylation of surface proteins
was carried out using resting HT-29 cells and cells treated with
B. breve DNA or S. enterica serovar Dublin DNA. TLR9 was

FIG. 3. Chloroquine treatment did not inhibit S. enterica serovar
Dublin DNA-induced IL-8 secretion. HT-29 cells were pretreated with
chloroquine (CQ) (10 �g/ml) for 2 h, and then B. breve (Bb) or S.
enterica serovar Dublin (Sd) DNA was added for 6 h. The IL-8 con-
centration was determined by ELISA. Treatment with S. enterica se-
rovar Dublin DNA, but not treatment with B. breve DNA, resulted in
an increase in IL-8 secretion, which was not eliminated by chloroquine
treatment. All “a” bars and all “b” bars are significantly different at a
P value of 
0.05. The bars indicate the means and the error bars
indicate the standard deviations of triplicate measurements obtained
in three separate experiments.
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present on the cell surface in the resting cells, and approxi-
mately equivalent amounts were present in the cells treated
with B. breve DNA (Fig. 6). In the cells treated with S. enterica
serovar Dublin DNA, an increase in surface expression of
TLR9 was observed. A slight increase in the level of cytoplas-
mic TLR9 was also observed in the S. enterica serovar Dublin
DNA-treated cells, but this increase was not as substantial as
the increase in surface expression.

Localization of TLR9 in mouse colonic tissue. To determine
whether surface expression of TLR9 also occurs in vivo, sec-
tions of mouse colonic tissue were incubated with anti-TLR9
antibody, followed by Alexafluor 488-conjugated secondary an-
tibody. The brush border membrane was localized by confocal
reflectance. In colonic tissue from 129 Sv/Ev germfree mice
(Fig. 7A), limited fluorescence was observed, and this fluores-

cence was markedly different from the fluorescence observed
in wild-type 129 Sv/Ev mice that were normally colonized with
microflora (Fig. 7B). In these mice, expression clearly occurred
on the brush border membrane. Likewise, Western blotting of
TLR9 in colonic tissue demonstrated that there was abundant
expression in colonized mice and that there was no detectable
expression in germfree mice (Fig. 7C).

Methylation of bacterial DNA. Since it is not known how
TLR9 differentiates between different types of bacterial DNA, we
sought to determine whether the stimulatory capacities of B. breve
and S. enterica serovar Dublin DNA differ due to the methylation
status of CpG elements. B. breve and S. enterica serovar Dublin
DNA were treated with SssI methylase, which adds a methyl
group to CpG motifs, thereby rendering them nonstimulatory.

FIG. 4. Flow cytometric analysis of TLR9. HT-29 cells were treated
with B. breve (Bb) or S. enterica serovar Dublin (Sd) DNA for 2 h and
preserved in paraformaldehyde (A) or methanol (B), and TLR9 was
labeled with phycoerythrin-conjugated goat anti-mouse secondary anti-
body. Cell suspensions were analyzed by flow cytometry. No antibodies
were added for the negative (neg) control. The bars indicate the means
and the error bars indicate the standard deviations of triplicate measure-
ments obtained in three separate experiments. NT, no treatment.

FIG. 5. Fluorescently labeled TLR9 moves to the surface in
response to bacterial DNA: confocal images of HT-29 cells with
Alexafluor 488-labeled TLR9 (green) and either Alexafluor 555-
labeled CTxB (red) (left panels) or Cy5-labeled calnexin (red)
(right panels) in resting cells (A), cells treated with B. breve DNA
for 2 h (B), and cells treated with S. enterica serovar Dublin DNA
for 2 h (C). Nuclei were stained with DAPI (blue). The stack size is
73 by 73 �m. The images are representative of the results of three
separate experiments.
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Methylation of B. breve DNA had no effect on IL-8 secretion;
however, methylation of S. enterica serovar Dublin DNA signifi-
cantly reduced the stimulatory effect of S. enterica serovar Dublin
DNA (P 
 0.05), as determined by IL-8 secretion (Fig. 8). Fur-

FIG. 6. Biotinylation of surface proteins. HT-29 cells were treated for 2 h with either B. breve DNA or S. enterica serovar Dublin DNA. Cells
were lysed, and surface proteins were separated from cytoplasmic proteins by biotinylation and separation on streptavidin-coated beads. Lysates
were electrophoresed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels, transferred to nitrocellulose, and probed with anti-TLR9.
Equal protein loading was confirmed by Ponceau S staining. Surface expression of TLR9 occurred in resting cells and was upregulated by S. enterica
serovar Dublin DNA treatment. A slight increase in cytoplasmic TLR9 was also observed upon treatment with S. enterica serovar Dublin DNA.
The images are representative of the results of three separate experiments.

FIG. 7. TLR9 was expressed on the apical surface of the intestine
of 129 Sv/Ev mice with normal flora but not on the apical surface of the
intestine of germfree mice. Colonic tissue was collected from germfree
129 Sv/Ev mice (A) and 129 Sv/Ev mice raised under conventional
conditions (B) and was probed to determine the presence of TLR9.
Confocal reflectance is indicated by red, and TLR9 labeling is indi-
cated by green. The stack size is 73 by 73 �m. (C) Western blot of
colonic TLR9 expression in SvEv/129 mice colonized with the normal
flora and in germfree mice. The results are representative of three
separate experiments.

FIG. 8. Methylation of bacterial DNA inhibits stimulatory effects.
HT-29 monolayers were exposed to methylated (meth) and unmethyl-
ated B. breve and S. enterica serovar Dublin DNA, and the cell culture
media were analyzed to determine the presence of secreted IL-8 by
ELISA. Treatment with S. enterica serovar Dublin DNA, but not treat-
ment with B. breve DNA, resulted in increased IL-8 secretion, which
was eliminated when the S. enterica serovar Dublin DNA was methyl-
ated. An asterisk indicates that the P value is 
0.05 for a comparison
with the control values. The bars indicate the means and the error bars
indicate the standard deviations of triplicate measurements obtained
in three separate experiments. C, control; TNF, tumor necrosis factor.
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thermore, DNase treatment of S. enterica serovar Dublin DNA
eliminated its stimulatory effect (P 
 0.05).

DISCUSSION

In this study, we demonstrated that TLR9 is expressed on the
apical surface of HT-29 cells and in mouse colonic tissue. Fur-
thermore, surface localization increased upon stimulation with
proinflammatory DNA from pathogenic bacteria and in response
to a normal luminal microflora in vivo. We also confirmed that
intestinal epithelial cells do not respond equally to bacterial DNA
and are capable of distinguishing between DNA from probiotic
strains and DNA from pathogenic strains. Finally, unmethylated
CpG appears to involved in epithelial cellular recognition and the
differential response to bacterial DNA.

Several investigators have shown that TLR9 is expressed in
intracellular compartments in dendritic cells and macrophages
and that internalization and endosomal maturation is neces-
sary for CpG-containing DNA to activate TLR9 (1, 17, 19, 30).
However, other workers have described surface expression of
TLR9 in various types of cells (6, 7, 9, 18, 27). Furthermore,
studies using chloroquine to inhibit endosomal acidification
have produced different results; some investigators have ob-
served inhibition of TLR9 signaling (1, 10, 30), and other
workers have observed no effect, indicating that there may be
an alternate pathway (8, 18). In our study, TLR9 was shown by
flow cytometry, immunofluorescence, and biotinylation of sur-
face proteins to be expressed on the surface of intestinal epi-
thelial cells. Furthermore, confirming what has recently been
shown with HCA-7 cells (18), chloroquine treatment did not
eliminate the inflammatory response initiated by bacterial
DNA, indicating that the signaling events in intestinal epithelia
in response to TLR9 ligands differ from the signaling events in
immune cells.

An increase in expression of TLR9 has been shown to occur
in response to other ligands, including lipopolysaccharide and
gamma interferon, and B-cell receptor triggering (4, 5, 30). We
ensured that our DNA preparations were free of lipopolysac-
charide contamination in order to eliminate the possibility of
cross-stimulation of TLR9. Moreover, the effects of S. enterica
serovar Dublin DNA on IL-8 secretion were eliminated by
treating the preparations with DNase.

A major question arising from this work and other work is
how TLR9 is able to distinguish between different types of
bacterial DNA. Unmethylated CpG motifs are present at a
20-fold-higher frequency in bacterial DNA than in mammalian
DNA due to CpG suppression and CpG methylation in mam-
malian DNA (16). Huang et al. (10) showed that, like the effect
of E. coli DNA (28), the stimulatory effect of Brucella abortus
DNA is related to a high frequency of CpG motifs and that
methylation of the DNA eliminated the IL-12p40 response in
mouse splenocytes. Likewise, the CpG content of bacterial
DNA was related to the capacity of the DNA to activate TLR9.
The sequence of the S. enterica serovar Dublin genome is not
known yet, although work is in progress. Identifying the fre-
quency of CpG motifs in S. enterica serovar Dublin DNA and
B. breve DNA may aid in determining why these bacterial DNA
elicit such different effects. The methylation status of the DNA
appears to play a role in the stimulatory effect of S. enterica
serovar Dublin, as methylated S. enterica serovar Dublin DNA

was not able to initiate an IL-8 response in HT-29 cells. This
confirms that the stimulatory ability of DNA from S. enterica
serovar Dublin resides in unmethylated CpG motifs in the DNA.

The frequency of stimulatory CpG sequences in the DNA
obtained from normal, healthy flora and how accessible this
DNA is to intestinal epithelial cells in vivo are not known. The
fact that the concentrations of microorganisms can reach 1012

CFU/g of tissue in the colon and the fact that surface expres-
sion of TLR9 is not observed in germfree mice, although it is
clearly present in mice colonized with normal flora, indicate
that intestinal epithelial cells respond to normal microflora
colonization with surface expression of TLR9.

The biological significance of surface expression versus en-
doplasmic reticulum expression of TLR9 is not known. It has
been shown that a chimeric TLR9 created to localize to the
surface of mouse embryo fibroblasts is stimulated by self DNA
but not by viral DNA, which led the authors to speculate that
the function of intracellular TLR9 is to prevent chronic acti-
vation by self DNA, yet allow recognition of invading viral (or
bacterial) DNA (3). However, stimulation of TLRs does not
always lead to an inflammatory response, and the presence of
TLR receptor-ligand interactions is a component of intestinal
homeostasis (24). The recent finding that TLR9 activation
through apical and basolateral surfaces in polarized epithelial
cells activates different intracellular signaling pathways and the
finding that apical TLR9 stimulation appears to confer toler-
ance to subsequent TLR challenge suggest that TLR9 plays an
important role in maintaining intestinal homeostasis (18). Rec-
ognition of foreign bacterial antigens by the innate immune
system is critical to the well-being of the host organism. TLRs
are an integral part of this system, as they produce signals that
initiate an immune response and lead to the destruction of
invading pathogens. Further understanding of the signaling
events that occur upon binding of TLR9 to different types of
bacterial DNA should aid in determining how bacterial ligands
contribute to inflammation and to homeostasis.
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